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Abstract

Gunston Cove is a tidal freshwater embayment of the Potomac River,
26 km downstream from Washington, D. C.
It is highly eutrophic and
subject to recurrent blue-green algal blooms despite stringent point
source control of phosphorus.
Studies in the cove have been conducted
by numerous investigators and sediment phosphate releases here and in
other freshwater portions of the Potomac have been shown to increase
under high pH (>9), aerobic conditions.
It has also been suggested that
phosphate release is enhanced at water column nitrate concentrations < 1
mg/1.
A two level factorial design was applied to a laboratory
examination of the effect of water column pH and nitrate on the ortho
phosphate release rate from Gunston Cove sediment.
Two levels of
nitrate (0 mg/1, 1.5 mg/1) and two levels of pH (8, 9.5) were tested
with 12 replicates of each treatment.
Sediment ortho-phosphate release
rates were calculated after 15 hours and 27 hours:
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OP release (mg/m /day)
27 hrs
15 hrs
pH 8,

[NO ] 0 mg/1

X =

10.39

X =

2.56

pH 8,

[N0~] 1 .5 mg/ 1

X =

14.29

X =

1.45

pH 9.5,

[N0~] 0 mg/1

pH 9.5,

[NO"]

1.5 mg/ 1

X = 118.60

X = 82.27

X = 106.66

X = 78.68

Of the two factors examined, pH was the primary determinant of
ortho-phosphate release rate from Gunston Cove sediment.
Regardless of
NOg concentration, phosphate release was higher at pH 9.5 than at pH 8
by an order of magnitude for both sample intervals.
A two-factor analysis of variance was conducted on the release
rates.
The hypothesis that there is no effect of pH on phosphate
release rate was rejected (P < 0.0005).
The hypothesis that there is
no effect of NO^ on phophate release rate was not rejected (P = 0.40),
and the hypothesis that there is no interaction effect of pH and NO^ was
not rejected (P = 0.34).

iix

EFFECT OF WATER COLUMN pH AND N03 ON ORTHO-PHOSPHATE RELEASE RATES
FROM FRESHWATER SEDIMENTS

Introduction

The occurrence of nuisance algal blooms in the upper Potomac River
was first recorded in the 1940's (Thomann et al., 1985).

By the 1960's

and early 1970's, chlorophyll-a concentrations exceeding 250
micrograms/1 were commonly observed during algal blooms.

Remedial

programs (including increased phosphorus and BOD removal from sewage
treatment plants)

implemented in the late 1970's and early 1980's

reduced bloom conditions dramatically and by the summer of 1982, average
chlorophyll-a concentrations in the upper Potomac were below 20
micrograms/1 (Thomann et al., 1985).

In the summer of 1983, nuisance

blue-green algal blooms reappeared throughout tidal freshwater portions
of the river.

By mid-August,

chlorophyll-a concentrations of greater

than 200 micrograms/1 were observed from Piscataway Creek to Mattawoman
Creek (Figure 1) and pH was as high as 10.

A panel of experts chaired

by Robert Thomann investigated the possible causes of the bloom and
concluded that the intensive bloom resulted from the combination of a
number of factors.

The panel concluded that up to approximately the end

of July, 1983 the reported bloom was to be expected under the prevailing
nutrient, climatic and hydrologic conditions but maintainance and
further intensification of the bloom from August to October was the
result of a substantial internal source of phosphorus.

The panel also

suggested that the most likely mechanism for high internal phosphorus
loading was an enhanced aerobic sediment release of ortho-phosphate
brought about by the high pH of the overlying water (Thomann et al.,
1985).
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The bloom was of the nuisance blue green algae Microcystis
aeruginosa and for the period from August to October,

relative water

column stability, brought about by continued solar radiation and below
average river flows and wind speed, favored Microcystis, a surface
dwelling organism, over non-buoyant algae.

Because carbon dioxide is

the preferred inorganic carbon source for algal photosynthesis, as the
algal population increases, CO^ is removed from the water and an
increase in pH occurs.

This increased pH causes an increased release of

phosphorus from the sediments which in turn leads to a further increase
in photosynthesis and a positive feedback mechanism ensues.

4

Figure 1.

Map locating Gunston Cove in the Potomac River Estuary.
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Literature Review

The role of the sediments as a source of phosphorus for
eutrophication and the development of algal blooms in freshwater systems
has long been recognized (Golterman, 1977; Mackenthun, 1973; O'Kelley,
1973; Patrick & Khalid,

1974; Pomeroy9 Smith & Grant,

1965; Rigler,

1973; Thomas, 1973; Williams et al., 1971) and much of our knowledge of
sediment phosphorus release has come from studies of eutrophic lakes in
the Netherlands and Scandanavia (Ahlgren, 1977; Andersen, 1974, 1975,
1982; Banoub, 1977; Bostrom & Pettersson,
Lijklema, 1977) .

1982;

Kamp-Neilson,

1974;

Phosphorus and iron are strongly associated in the

sediments of Chesapeake Bay (Bray, Bricker &

Troup, 1973; Lake &

MacIntyre, 1977;

one of the primary pathways

Lovley & Phillip, 1986) and

of phosphorus to estuarine sediments is the settling of organic detritus
(Bray, Bricker & Troup, 1973).

In the sediments, the phosphorus is

liberated and may combine with iron or be released back to the water
column.

The classical limnological model for phosphorus dynamics also

involves the iron cycle; under oxidizing conditions,

ferric iron

combines with ortho-phosphate and is transported to the sediments.
Under reducing conditions,

ferric iron is reduced to ferrous iron with

liberation of phosphate to the overlying water.

However, laboratory

leaching tests and tracer experiments have shown significant phosphorus
release under oxic conditions as well (Bostrom & Pettersson, 1982;
Broderick,

1986;

Cerco, 1985a; Golterman,

1977; Schindler,

1979; Seitzinger, 1985).

1977; Lee

et al., 1977; Neame,

Sediments from the tidal freshwater portion of the Potomac generally
contain a surficial oxidized layer of approximately 1 to 3 cm
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(Callender, 1982; Cerco, 1985a, 1985b; Seitzinger, 1985, 1986; Lovley &
Phillip, 1986; Thomann

et al, 1985)and an anoxic layer beneath.

Due to

the different sorption

capacity of phosphate onto sediment particles in

oxic and anoxic environments (Lee et al, 1977; Patrick & Khalid, 1974),
phosphate in the upper

layer exists

primarily sorbed to sediments while

in the lower layer the

interstitial

water is rich

phosphate.

in dissolved

Diffusion causes dissolved phosphate to migrate from the

region of high concentration (the lower sediment layer) to the region of
low concentration (the upper sediment layer).

By sorption on to

sediment particles, the upper layer will trap some of the phosphate
diffusing from the lower layer and allow the rest to pass to the water
column.

If the upper layer is relatively thick and undisturbed,

phosphate will escape to the water.
escapes.

little

If the upper layer is thin, more

Bioturbation (Callender & Hammond, 1982) and physical

disturbance of the sediments (Holdren & Armstrong, 1980) may also help
to promote phosphorus release to the water column.

Figures 2(a) & (b)

illustrate reactions that control phosphate flux from the sediment at pH
< 9.5.

Nitrate Effects on Sediment Phosphate Release

Nitrate concentration has been suggested as a factor controlling
sediment phosphorus release from freshwater sediments in the Potomac
River Estuary and it has been proposed by Cerco (1985b) that diffusion
of nitrate from the water column to the sediments and subsequent
denitrification leads to a relatively thick,
which phosphate is sorbed to particles.

impervious surface layer in

Dissolved phosphate found

7

Figure 2. Reactions that control PO^ flux from the sediment,
(from Seitzinger, 1985)
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deeper in the sediments cannot readily pass through this thick surface
layer.

According to Cerco9 in the absence of nitrate, the layer in

which phosphate sorption occurs is thinner and is easily broken leading
to sediment phosphate release.

Seitzinger (1986), also working in the

freshwater portion of the Potomac River, has suggested that high water
column nitrate concentrations maintain higher pore water nitrate
concentrations and thus higher oxidation-reduction potential deeper in
the sediments.

According to Seitzinger,

in the absence of nitrate,

nitrate-reducing bacteria active in the sediments reduce iron and sorbed
phosphate is liberated.

Under ideal conditions,

redox potential is an

indicator of whether nitrate or iron is being reduced.

Thus high water

column nitrate concentrations would serve to depress sediment phosphate
release by maintaining the pore water redox potential at a level such
that nitrate is reduced instead of ferric iron (Figure 3).
Evidence that high water column nitrate concentration may be a
possible mechanism for retarding phosphorus release is provided by
Andersen (1974, 1975, 1982).

Results from an investigation of 31

eutrophic Danish lakes indicate that the presence of nitrate in a water
body may stabilize the redox potential in the water column and in the
upper sediment layer by serving as an electron acceptor for denitrifying
bacteria.

Since the phosphate equilibrium between sediments and water

is widely regulated by the redox potential (Stumm & Morgan, 1970), a
high concentration of nitrate in the water will increase phosphorus
binding in the sediment.

Andersen found that in lakes with no summer

stratification, phosphate release from the sediments to a well
oxygenated water column resulted in a summer maxima of phosphate in the

9

Figure 3. Sequence of microbially mediated redox processes,
(from Stumm and Morgan, 1970)
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lake water when nitrate concentration was less than about 0.5 g N m

-3

He found no release took place if nitrate concentration exceeded about
_3
0.5 g N m

.

Riemann (1977) also reported sediment phosphate release in

a shallow Danish lake when nitrate concentrations fell below 0.5 g N
m

-3
Laboratory studies by Ripl (1976) on Swedish lake sediments revealed

that the addition of nitrate to reduced sediments would result in: 1)
rapid oxidation of the upper layer of the sediments,

2) decrease in

oxygen demand, 3) general retardation of the exchange reactions of
phosphorus and iron and 4) almost immediate denitrification.

Thus, he

proposed a method for restoration of lakes which had been polluted by
sewage based on the in situ oxidation of nutrient-rich organogenic
sediments by nitrate.

In this method,

iron chloride was applied to

increase phosphorus binding capacity of the sediment and pH was adjusted
to between 7 and 7.5, which was found to be optimal for denitrification
processes, by the addition of slaked lime.

Ripl maintained that adding

nitrate to reduced sediments would cause organic matter to be oxidized
and that this would reduce oxygen demand in the sediment thus inhibiting
the recycling of phosphorus.

In Lake Liliesjon,

Sweden, a drastic

reduction of nutrient levels and improved oxygen conditions in bottom
water were achieved by application of this restoration method.
Tiren (1980)

studied sediment phosphorus release in "undisturbed"

cores from two Swedish lakes and found no change in phosphorus release
rate from the sediment of a shallow (4m )

eutrophic lake when

experimental conditions were shifted from high to low nitrate loading
and oxygen concentrations were varied from aerobic to anaerobic.

He

11
found however,

that these factors strongly affected phosphorus release

from the sediment of a deep (20 m) mesotrophic lake most likely by
shifting directly or indirectly the redox potential from a higher to a
lower value thus reducing the potential for phosphorus release.
Tiren*s initial hypothesis for high nitrate loading was that the
effect of nitrate addition would result in increased mineralization due
to a higher rate of dissimilatory nitrate reduction and thus a higher
rate of phosphorus release from the sediment.

His results for both the

shallow and deep lake refute this hypothesis and he found in fact a
reduction in the rate of phosphorus release due to nitrate additions to
the deep lake sediment.

He suggests as possible explanations for these

results irreversible formation of calcareous and ferriferous minerals,
and/or that the available phosphorus is bound in bacterial biomass and
that the turnover rate of the mineralized phosphorus is very rapid.

He

concluded that the mineralization of organic bound phosphorus was
unimportant for changing the pool of potentially available phosphorus in
the type of sediment present in the deep, mesotrophic lake and further,
when there was nitrate in the overlying water, oxygen was also likely to
be available and redox dependent sorption/desorption mechanisms were
more

important for regulating the phosphorus pool size than an

increased mineralization in the sediment.
Janson (1986) also working on Swedish lake sediments found that the
nitrate reducing bacteria Pseudomonas flourescens and Alcaligenes sp. as
well as extracellular compounds from these bacteria increased the
dissolution rate of iron and phosphorus sorbed to iron precipitates
during anaerobic, nitrate-free conditions in experimental sediment-water
systems.

He suggests that iron reduction is not governed by decreasing
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the redox potential but exclusively by the activity of specific
microbial reductases and the influence of these bacteria is due to
enzymatic catalyzation of chemical iron reduction.

He concluded that

lakes with high contents of iron-bound phosphorus in the sediment9 high
organic production (energy supply for bacteria), and high nitrate
loading would be particularly susceptible to this type of internal
phosphorus loading.

Nitrate would stimulate nitrate— reducing bacteria

in the sediments which after the depletion of nitrate could reduce iron
resulting in phosphorus solubilization.

Jansson reports that Andersen

(1982) , who described the nutrient dynamics of several eutrophic Danish
lakes with high nitrate loading,

found phosphorus was rapidly released

from the sediment after nitrate was depleted due to denitrification in
the summer.

Andersen claimed that nitrate would prevent internal

loading but did not discuss the role and fate of denitrifying bacteria
after the exhaustion of nitrate.

Ahl (1979) also cited by Jansson,

observed that the magnitude of phosphorus release from the sediments in
several Swedish lakes was correlated with nitrate content of lake water
before its consumption by denitrification.
Jansson's hypothesis,

Ahl, in agreement with

suggests that nitrate, by stimulation of microbial

activity, promoted the sediment phosphorus release.
These seemingly discrepant results serve to illustrate the complex
nature of nitrate-associated sediment phosphorus dynamics.

Further, the

question whether or not dissimilative nitrate reduction can be an
important factor for phosphorus mineralization is not easily answered
because of the complicated relationship between the amount of reduced
nitrate and oxidized carbon (Tiren, 1980).

Tiren suggests that even

though details are complex, generally, dissimilative nitrate reduction
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will seldom exceed a few percent of total mineralization giving an idea
of the importance of this process for most Swedish lakes.
Sherman (1983) utilized bench-scale microcosm reactors to study the
effect of nitrate on redox potentials and the adsorption and release of
phosphate by Occoquan Reservoir sediments (Figure 1) and found that
under oxidizing conditions induced by the presence of nitrate* no
release of phosphate was detected from the sediments.

Increases in

ortho-phosphate concentration in the water column were delayed until
after nitrate had disappeared from the water column.

Also* when the

nitrate concentration in a system devoid of dissolved oxygen was reduced
to less than approximately 0.2 mg/1* the sediment and water redox
potentials rapidly decreased, accompanied by rapid increases in
phosphate*

iron and manganese concentrations.

pH Effects on Sediment Phosphate Release

Other factors affecting phosphorus release from sediments include
mixing intensity, temperature, sediment type, and pH (Holdren &
Armstrong,

1980).

Of these, pH exerts the most significant effect for

Gunston Cove sediments (Baker & Cerco, 1988; Broderick, 1986; Cerco,
1985b;

Seitzinger, 1985, 1986; Thomann et a l., 1985).

Phosphate sorbs

to ferric oxyhydroxide in the aerobic surface layer of the sediments.
Since anions sorb less strongly at high pH (Stumm

& Morgan, 1970), the

effect of an increase in pH in the water column will diffuse through the
sediment-water interface and reduce the sorption of phosphate to the
iron oxides/hydroxides resulting in an increase in aerobic phosphate
release (Figure 2(a) & (c)).

Decreased sorption capacity as pH
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increases is supported by Edzwald et al.

(1976) who found that the

sorption capacity of two clay minerals decreased as pH increased from 4
to 10.

Further evidence is supplied by Lake & MacIntyre (1977) who

found that increasing pH from 6 to 8 decreased the phosphate adsorption
of the four dominant clay minerals found in Virginia estuaries.
Although the exact relationship between the pH in pore water and in
overlying water is

complicated,

it is reasonable to

overlying water is

depleted of carbon dioxide,

also will decrease

due to an upward migration.

rise and phosphate

will be released. It would

assume that when the

pore water carbon dioxide
The pore water pH will
seem therefore that algae

could induce or enhance sediment phosphorus release either by lowering
nitrate in the water column or by raising the pH or both.

Ambient

nitrate concentrations are lowered by algal uptake of this nutrient and
pH is increased due to carbon dioxide uptake during algal
photosynthesis.
Several investigations of the bloom in 1983 have focused on the
effect of increasing pH on sediment phosphate release.

Seitzinger

(1986) measured the release of phosphorus from sediments as a function
of overlying water pH on cores collected at eight locations in the
freshwater reaches of the Potomac River and found that under aerobic
conditions phosphate release increased
pH.

as a function of overlying water

The cores from all eight locations had low fluxes of phosphate from

the sediments (< 20 mg m

-2 -1
d ) with overlying water at pH 8

and pH 8.5.

For sediments from Gunston Cove, VA, the average flux at pH 8 was 4 mg P
m

-2 -1
d
.

At pH 9, the average flux was also 4 mg P m

phosphate flux increased to 23 mg P m

-2 -1
d .

-2 -1
d but at pH 9.5,

At pH 10, the average flux
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was 84 mg P m

-2 -1
-2 -1
d
and at pH 10.59 phosphate flux was 71 mg P m d

Bench-scale microcosms were also used by Broderick (1986) to study
the effects of high pH, aerobic water on phosphorus release from
sediments collected from Gunston Cove.
average release rate to be 1.5 mg P m
pH 10.

Over 61 days he found the

-2 -1
-2 -1
d
at pH 8 and 32 mg P m d
at

He concluded that phosphorus was released from the sediment

under high pH conditions by both a pH mediated dissolution and a
reduction of ferric oxides.

The results of his experiments also

indicate that phosphorus can be released from sediments at depths of 2
cm below the surface in appreciable amounts and that the sediment in the
Potomac River could be an inexhaustible phosphorus source for algae when
flow is low enough to allow released phosphorus to accumulate and algae
to reside in one area long enough to affect the pH.

Preliminary Work by Cerco (1984, 1985)

In 1984, Cerco (1985) conducted a study to examine the effects of
dissolved oxygen and temperature on sediment-water nutrient fluxes in
Gunston Cove and found that phosphate flux was independent of dissolved
oxygen in the range 5 to 8 mg/1 and did not depend on temperature
between 10 and 25°C.
Pm

Mean flux calculated by Cerco in 1984 was -4.4 mg

-2 -1
d
(uptake by sediments) and water column nitrate concentration was

generally above 1 mg/1.

In summer of 1985, Cerco conducted further

studies on Gunston Cove sediments and found a mean phosphate flux of
29.6 mg P m

-2 -1
d
.

Cerco found that chlorophyll concentrations during
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1985 exceeded 200 micrograms/1 on several occasions but were limited
during 1984 to approximately 125 micrograms/1.

During the study period

from June to August, 1985, nitrate concentration in the water decreased
from 1,2 mg/1 in June to 0 mg/1 in August, total phosphorus ranged from
0.1 mg/1 to 0.4 mg/1, pH increased from 8 to 10, and dissolved oxygen
was at saturation concentrations or above.

By examination of the 1984

and 1985 data, Cerco concluded that sediment phosphate release in
Gunston Cove is induced when nitrate in the water column falls below 1.0
mg/1 or when pH of the water overlying the sediments equals or exceeds
9.5.

Methods and Results of 1987 Experiment

Based on Cerco's findings from 1984 and 1985# a study was conducted
in 1987 to create a data base of nutrient fluxes from Gunston Cove
sediments under various conditions of pH and water column nitrate
concentration (Baker & Cerco,

1988).

Four sediment cores were monitored

in a 90—day laboratory experiment intended to simulate the 1985 summer
sequence and variations on that sequence.
phosphate)

Nutrient (nitrate and

concentrations and pH in the water overlying one core were

regulated throughout the experiment to coincide roughly with the levels
observed at the same time in the summer of 1985; pH was increased from 8
to 10, nitrate was decreased from 1.5 mg/1 to 0 mg/1, and phosphate was
held constant at 0.05 mg/1.

Detritus,

in the form of dried hydrilla,

was supplied to the sediments at the rate estimated to have taken place
in Gunston Cove as back calculated from sediment oxygen demand by Cerco
2
in 1985 (hydrilla = 0.2 gm/78.5 cm /x^eek) .
the column was 35.5 mg P m
chemistry

-2 -1
d
.

Average phosphate flux in

In the three additional columns, water

was altered at regular intervals by replacement of overlying

water in a manner expected to influence sediment nutrient fluxes:
Column 1

pH increased from 8 to 10
Nitrate decreased from 1.5 to 0 mg/1
Phosphate constant at 0.05 mg/1
Detritus added (0.2 gm/week)
-2 -1
Average phosphate flux: 35.5 mg P m d

Column 2

pH constant at 8
Nitrate decreased from 1.5 to 0 mg/1
Phosphate constant at 0.05 mg/1
Detritus added (0.2 gm/week)
-2 -1
Average phosphate flux: 13.5 mg P m d
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Column 3

pH increased from 8 to 10
Nitrate constant at 1.5 mg/1
Phosphate constant at 0.05 mg/1
Detritus added (0.2 gm/week)
Average phosphate flux: 37.0 mg P m

Column 4

-2 -1
d

pH constant at 8
Nitrate constant at 0 mg/1
Phosphate constant at 0.05 mg/1
No detritus added
Average phosphate flux: 5.0 mg P m

-2 -1
d

Dissolved oxygen ranged from 7 to 9 mg/1 in all columns.

Water

samples, collected from each column twice per week, were analyzed for
ammonium, nitrite + nitrate, ortho-phosphate, and total phosphorus.
Sediment nutrient fluxes and sediment oxygen demand were calculated, and
these data as well as weekly measurements of sediment oxidationreduction potential are available in Baker & Cerco (1988).

Graphs of

water column nitrate concentration vs. phosphate flux by pH class (pH <
9, pH >=9) for the 1985 and 1987 experiments are presented in Figures 4
and 5 respectively.

Figure 4 indicates that when nitrate concentration

is low, phosphate flux is high and when nitrate concentration is high,
phosphate flux is low.
trend is reversed.

In Figure 5, representing the 1987 data, the

One possible explanation for the incongruity is that

the 1985 data represents measurements on samples collected from January
to December while the 1987 data represents only the summer season.
both years however, phosphate flux is generally higher at pH >=9:

For
For

1987, phosphate flux was higher by at least a factor of 2 at all nitrate
concentrations.
An exponential function,

fit by non-linear regression to the 1985

data (Cerco, 1985b), indicates the relation of phosphate flux to nitrate
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concentration is described by:

F = 90 e-1 *61

in which F = phosphate flux (mg m

concentration (mg 1 ^) .
equation and R

2

[N03 ] - 10.8

-2 —1
d ) and

-

(1)

] = nitrate

A logarithmic transformation was applied to the

for the relationship for the 1985 data is 0.69 which

indicates that 69% of the variability in 14 phosphate flux measurements
can be explained by a simple model in which nitrate is the only
variable.

When the same model is applied to the 1987 data, R

2

for the

relationship is 0.13.
Interpretation of the data from 1985 is hampered by the covariance
of nitrate concentration and pH: Nitrate tends to be low when pH is high
and high when pH is low.

One approach to isolating the effects of the

two variables is by examining the residuals.

Equation 1 is assumed to

describe the relationship between phosphate flux and nitrate
concentration.

The difference between each observed flux and the flux

predicted by equation 1 is next examined for a correlation with pH.

The

residuals for the 1985 data are shown as a function of pH in Figure 6.
Below pH 9.59 the residuals tend to be negative and indicate that below
pH 9.5, phosphate flux is less than predicted based on nitrate
concentration.

At pH 9.5, a shift to positive residuals occurs and

indicates that at pH 9.5 and higher* phosphate release is larger than
predicted based on nitrate concentration alone.
The residuals for the 1987 data using Equation 1 are shown in Figure

20
7.

At pH < 9* the residuals tend to be negative or phosphate release is

less than predicted by equation 1.

At pH 9.2, positive residuals occur

and at pH 10 equation 1 overpredicts phosphate release based on nitrate
concentration half of the time and underpredicts half of the time.
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Figure 4.

Nitrate Concentration vs. OP Flux by pH - 1985.
(data from Gerco, 1985b.)
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Figure 5.

Nitrate Concentration vs. OP Flux by pH - 1987.
(data from Baker & Cerco, 1988)
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Figure 6.

Residual OP Flux vs. pH - 1985
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Figure 7.

Residual OP Flux vs. pH - 1987.
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Study Design for 1988 Experiment

The present study was undertaken to test the hypothesis that
sediment phosphate release in Gunston Cove is induced when nitrate in
the water column falls below 1.0 mg/1 or when water column pH equals or
exceeds 9.5.

Power statistics, based on the results of Baker and Cerco,

1988, were used to determine sample size for a two-factor study.

The

design called for two levels of nitrate (0 mg/1 and 1.5 mg/1) and two
levels of pH (pH 8 and pH 9.5) with 12 replicates of each treatment for
a total of 48 data points.

With this design, the effect of interaction

between the two factors also could be tested.
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Methods and Materials

Field Procedures

Sediment.cores w e r e .collected.by diver.from.near the center of
Gunston Cove (Figure 1) beginning at 10:00 AM (low tide) on July 26,
1988.

Once collected, the sediment was transported to shore and seived

through 500 micron screens to remove macrofauna and flora.

Water,

pumped from mid-depth, was also collected from near the center of the
cove and transported to shore where it was filtered through a 1 micron
string filter.

The homogenized

sediment was placed in five, 6-gallon

plastic containers with overlying filtered water occupying roughly onehalf the volume of each container.

The containers were sealed and

transported back to VIMS in an ice bath.

Three 6-gallon carboys of

filtered water were also transported back to the laboratory.
Observations of water quality were made at the time of sediment
collection.

Temperature and pH were measured at 30 cm below the surface

and 30 cm above the bottom.

Temperature was measured with a Hydrolab

RT-125 Marine Research Thermometer and pH was measured with a Beckman
Phi 21 pH Meter.

Dissolved oxygen was measured with a Yellow Springs

Instrument Model 54A Oxygen Meter at the same depths.

Samples for

analysis of ortho-phosphate, total phosphorus, and nitrate were pumped
from 30 cm above the bottom and placed in an ice bath for transport back
to VIMS.

Two samples for chlorophyll-a analysis were collected at mid

depth (approximately 1 m ) , preserved with MgCO^, and placed in the ice
bath.

Upon return to the laboratory, the samples for analysis of
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chlorophyll-a, ortho-phosphate, and nitrate w e r e .filtered through glass
fiber filters.a n d .frozen along with the total phosphorus samples.
Conditions at the time of core.collection a r e .presented in Table 1.

Laboratory.Procedures. „

The day following sediment collection, overlying water was siphoned
from the containers.

A sediment sample of approximately 10 g was taken

and centrifuged for 15 minutes.

The pH of the interstitial water was

measured and is reported in Table 1.

The remainder of the sediment was

placed in 48, 1-1 graduated cylinders and allowed to settle to
approximately the 400 ml mark.

Filtered water from Gunston Cove (pH

9.9, D. 0. 9.0 mg/1) was added to the 1-1 mark and the cylinders were
allowed to equilibrate for 3 days.

Room temperature was maintained at

22°C (+ or - 2 °C) for the duration of the study and flourescent
lighting was on for approximately 8 hours each day.

Dissolved oxygen

was monitored regularly with a YSI probe and was maintained above 4 mg/1
at all times by oxygen aeration once daily during the equilibration
period.

The probe was equipped with a stirrer, to allow for sufficient

water movement across the probe membrane, and a cage to prevent water
stratification without resuspending the sediment.

On July 28, two days

following collection, four 3-gallon carboys of de-ionized water were
prepared to the following specifications:

Treatment 1

pH 7.99
N03 0 mg/1

Treatment 2

pH 8.04
NOg 1.5 mg/1
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Treatment 3

pH 9.75
NOg 0 mg/1

Treatment A

pH 9.69
NOg 1.5 mg/1

For -treatments.1 and 2, 0.84 gm of sodium bicarbonate was added per
liter of carboy and pH was decreased to approximately 8.0 with
1 N sulfuric acid.

For treatments 3 and 4, 9.6 gm of sodium borate

was added per liter of carboy and pH was increased to approximately 9.5
with 6 N sodium hydroxide.
On July 30, after a surficial oxidized layer of approximately 1 cm
had been established in all of the cylinders, the overlying water was
siphoned off.

The water for each treatment was aerated to a D. 0. of 12

mg/1 and 12 cylinders chosen randomly were filled from each carboy.

A

sample was taken from each carboy, fnltered, and frozen to establish
initial ortho-phosphate concentrations.

Additionally, 4 cylinders were

filled to 1 1 with water only from each treatment to serve as a control
representing water column transformations.

Water samples of 50 ml were

withdrawn from each cylinder after 15 and 27 hours.

Samples were

filtered through glass fiber filters within 1 hour of collection and
frozen for subsequent
At the end of the

ortho-phosphate analysis.
experiment,

one sediment sample of approximately

10 g was taken from each of 2 cylinders chosen randomly from each
treatment.

Each sample was centrifuged for 15 minutes and the pH of the

interstitial water was measured.
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Sample Analysis

Samples for analysis of ortho-phosphate were thawed and analyzed
using the.ascorbic acid method (Salley.et al.» 1987) and read on a
Bausch.and.Lomb Spectronic.20.spectrophotometer.. Standards were
prepared using initial treatment specifications of pH and N O ^ .
and.standards.were.spiked w i t h .a phosphate standard solution.

Samples
The pH of

each sample and standard was adjusted by adding 1 drop of
phenolphthalein solution.

If the solutions turned pink, indicating a pH

> 8, 1 N sulfuric acid was added until the pink color disappeared.

All

samples and standards were then treated with a combined color reagent,
shaken well, and allowed to sit for 10 minutes for color development.
Absorbance was read on the Spectronic 20 and converted to concentrations
by regression analysis.

Calculation of Ortho-phosphate Fluxes ,

Ortho-phosphate flux was calculated by:

[C. - C.]
f
i
F =

. H
A

F

2

= flux rate (g/m /day)

(2 )
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3

= OP concentration at the end of the sample interval (g/m )

3

= OP concentration at the beginning of the sample interval (g/m.)
H ...= height of.water in.cylinder.(m).
T

= length.of.sample.interval.(days)

Fluxes were computed over the intervals 0 - 1 5

hours and 0 - 2 7

hours.

Calculation, of-Net.. Sediment-Water Ortho-phosphate Fluxes

The total fluxes calculated by the above equation may include
transformation in the water column as well as sediment-water fluxes.

In

order to isolate the sediment-water fluxes, water column transformations
represented by the apparent flux in the control column, were subtracted
from the total fluxes.

Results

The primary results of the study are two ortho-phosphate.flux
measurements.per sediment cylinder..Ortho-phosphate concentration for
each cylinder.including.controls.is reported in Appendix A.

Control

column ortho—phosphate concentration possible resulting from diffusion
of phosphate from the air or from leaching of phosphate from cylinder
walls was subtracted from each sediment cylinder value (C„ = G
—
f
sediment
C

^ -), initial concentration was set equal to 0 (C.), and flux was
control
i

calculated per Equation 2.

Initial concentrations obtained from

phosphate analysis of the water from the treatment carboys are also
reported in Appendix A.

43 flux values are presented in Tables 2 and 3

and graphically in Figures 8 and 9.

Mean ortho-phosphate release rates

at high pH at both 15 hours and 27 hours are an order of magnitude
higher than release rates at low pH.

pH of the interstitial water from

each of 2 sediment cylinders chosen randomly from each treatment is
reported in Table 4.

Higher water column pH corresponds to higher

interstitial water pH indicating a positive relationship between the
two.
A logarithmic transformation of Equation 1 was applied to the data.
R

2

for the relationship at both 15 and 27 hours is 0.02 which indicates

that only 2% of the variabilty in 45 phosphate flux measurements can be
explained by this model in which nitrate is the only variable.
A 2 way analysis of variance of OP flux by pH and NO^ with time
(hr) elapsed was conducted and the results are reported in Table 5.

The

effect of time elapsed on ortho-phosphate release rate ( 0 hr to 15 hrs
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vs. 0 hr to 27 hrs) was statistically significant (P < 0.0005).

The

main effect of pH was statistically significant (P < 0.0005) while the
effect of NOg was not (P = 0.40).

The interaction effect of NO^ and pH

on OP release rate was also.tested and found to be statistically
insignificant (P = 0.34).
A t test was performed to test whether there was a significant
difference between mean flux values at the same pH but different nitrate
concentrations.

The results are presented in Table 6.

In all cases,

there was found to be no significant difference at the 1% level.
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Table 1. Conditions at Gunston Cove, VA - July 26, 1988

pH

Temp.
(°C)

DO
(mg/1)

Near Surface

9.58

28.6

13.1

Near Bottom

9.32

28.3

11.7

Near Bottom

TP
(mg/1)

OP
(mg/1)

NO + NO,
(mg/1)

1.72

0.0075

0.7258

chl-a
( g/1)
Mid-depth 1

127

Mid-depth 2

215

*** Total water depth : approx. 1.5 m

*** Secchi depth : 20 cm
*** pH of interstitial water : 7.10
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TABLE 2.

2

Net sediment ortho-phosphate -release rates (mg/m /day), 15 hrs

Treatment 1
N03 = 0 mg/1
p H .= 7.99,.

Treatment 2
N03 = 1.5 mg/1
pH = 8.04

Treatment 3
NC>3 = 0 mg/1
pH = 9.75

Treatment 4
N©3 = 1.5 mg/1
pH = 9.69

15.46

22.62

188.35

171.75

17.22

14.18

75.01

127.04

4.90

19.46

113.38

102.05

4.90

12.06

113.02

81.64

4.54

6.43

123.94

69.32

14.40

14.88

84.86

102.05

8.42

12.06

88.03

92.90

14.05

14.53

169.70

99.94

***

16.29

163.01

97.12

***

10.30

125.70

119.65

9.82

16.64

107.39

117.19

10.18

12.06

70.78

99.24

X = 10.39
s.e. = 1.51

*** Missing data

X =
s.e. =

14.29
1.23

X =
s.e. =

118.60
11*05

X = 106.66
s.e. =
7.51
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TABLE 3.

2

Net sediment ortho-phosphate release rates (mg/m /day), 27 hrs

Treatment 1

Treatment 2

Treatment 3

Treatment

N03 = 0 mg/1

NO

N03 = 0 mg/1

N03 = 1 . 5

pH. = 7.99

= 1.5 mg/1
3
pH = 8.04

pH = 9.75

pH = 9.6!

-0.98

-1.57

70.78

98.02

3.31

5.22

110.60

76.94

5.81

3.07

43.10

71.59

15.09

0.22

91.67

-0.26

2.00

57.92

81.76

0.09

2.89

93.10

71.41

-1.16

0.39

127.21

82.66

2.59

-0.32

88.28

61.23

4.02

0.04

71.32

69.62

-0.08

2.18

81.14

81.59

2.59

1.82

87.03

91.94

-0.26

***

65.07

***

X = 2.56
s.e. = 1.31

*** Missing data

X =
s.e. =

1.45
0.58

X =
s.e. =

82.27
6.64

X = 78.68
s.e. = 3.50
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Figure 8. Ortho-phosphate Flux, 15 hrs - 1988
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Figure 9. Ortho-phosphate Flux, 27 hrs - 1988
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Table 4. pH of interstitial water at end of experiment

Treatment.1 .
Water characteristics: pH 8 (7.99),
Interstitial-water

0 mg/1

: pH = 6.32, 6.28

Treatment.2
Water characteristics: pH 8 (8.04),
Interstitial water

[N0o] 1.5 mg/1

: pH = 7.59, 7.12

Treatment 3 . .
Water characteristics: pH 9.5 (9.75),
Interstitial water

l-NO^] 0 mg/1

: pH = 8.90, 8.96

Treatment 4
Water characteristics: pH 9.5 (9.69),
Interstitial water

: pH = 8.66, 8.90

1*5 mg/1
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Table 5.
ANALYSIS OF VARIANCE

Ortho-phosphate flux by pH and NO^ with time (hr) elapsed
for.Gunston.Cove 1988 experiment

Source of Variation
Covariate
(Time elapsed)
Main effects
pH
no3
2-way interaction
(pH and NO^)
Explained
Residual
Total

Sum of
_____ DF
Squares .

Mean
Square_______ F

Signif
of F

13,420.50

1

13,420.50

34.10

0.00

182,159.12
181,173.19
275.48

2
1
1

91,079.56
181,173.19
275.48

231.43
460.35
0.70

0.00
0.00

368.62

1

368.62

0.94

0.34

195,948.24

4

48,987.06

124.47

0.00

33,845.72

86

393.56

229,793.97

90

2553.27

0.40

40

Table 6. t test for difference between means

1) Elapsed time - 15 hrs; pH = 8
t = mean.OP.flux.(0.mg/1 .nitrate)-- mean OP flux (1.5 mg/1 nitrate)
standard error
t = — 0.65

Critical values of t for 20 degrees of freedom at 1% significance level
= + 2.845, - 2.845 therefore do not reject hypothesis H^:
^
^

2) Elapsed time - 15 hrs; pH > 9.5
t = 0.24

Critical values of t for 22 degrees of freedom at 1% significance level
= + 2.819, - 2.819 therefore do not reject hypothesis H q :
^ =

3) Elapsed time — 27 hrs; pH =

8

t = 0.63

Critical values of t for 21 degrees of freedom at 1% significance level
= + 2.831, - 2.831 therefore do not reject hypoithesis H^;
^
^

4) Elapsed time — 27 hrs; pH > 9.5
t = 0.10

Critical values of t for 20 degrees of freedom at 1% significance level
= + 2.845, - 2.845 therefore do not reject hypothesis H q :
^
^

Discussion

Ortho-phosphate release rates calculated in this study agree
qualitatively with the results of both Broderick (1986) and Seitzinger
(1986) whose studies tested the effect of high and low pH on phosphate
release rates from Gunston Cove sediment.

In all cases, phosphate

release at high pH is an order of magnitude larger than at low pH.
Comparison of the results of this study with the results of Baker
and Cerco (1988) which tested for a nitrate effect as well as a pH
effect also shows agreement when release rates are averaged over time:

2

Mean OP Flux (mg/m /day)

Baker & Cerco

This study
15 h

27 h

(15h + :

pH 8, N03 0 mg/1

6.7

10.39

2.56

6.1

PH 8, N03 1.5 mg/1

8.8

14.29

1.45

8.1

pH > 9.5, N03 0 mg/1

43.0

118.60

82.27

100.4

pH > 9.5, N03 1.5 mg/1

48.2

106.66

78.68

93.9

Higher ortho-phosphate concentrations and consequent higher release
rates at 15 hours versus 27 hours demonstrates the tendency for the
sediments to respond immediately upon contact with overlying water of
dissimilar chemistry.

As time elapses, ortho-phosphate release to the

water column approximates straight diffusion as equilibrium between
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interstitial water and overlying water is approached.
These results do not agree with those of Sherman (1983) who
detected no phosphate release by Ocqoquan reservoir sediments under
oxidizing conditions induced by the presence of nitrate.

This can be

explained by the fact that in that study nitrate was added to an
anaerobic, reduced* sediment-water system as opposed to the well
oxygenated sediment-water systems in this study.

Sherman concluded that

it was the reducing conditions present after the depletion of both
oxygen and nitrate in a sediment-water system that is conducive to the
release of sediment bound phosphate.
Returning to the results presented in Tables 2 and 3* the primary
determinant of phosphate release from Gunston Cove sediments was pH.
Phosphate in the sediment can occur in a number of states whose stabilty
is pH dependent.

Characterization of the forms of inorganic phosphorus

in sediments is based on the ability of certain reagents to dissolve
various phosphate minerals (Seitzinger, 1986).

Seitzinger suggests that

the increased release of phosphate above pH 9.0 from Potomac River
sediments is probably due to increased exchange of phosphate sorbed to
clay minerals and to iron and aluminum hydroxides.

Increases in pH make

the surface charge of particles (clays and hydroxides) more negative
which causes a decrease in the adsorption of negative phosphate ions.
recent study by Broderick (1986), using Gunston Cove sediments
maintained with overlying water at pH 10, indicates that the phosphorus
released at high pH is associated mainly with inorganic phosphorus
mineral components that are soluble in 0.1 M NaOH.

This is indicative

of phosphorus associated with iron oxides.
The distribution of Fe(III), its availability for microbial

A
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reduction, and factors controlling Fe(III) availability were
investigated in Gunston Cove sediments by Lovley and Phillips (1986).
Their results indicate that, although the surficial sediments of Gunston
Cove contain significant quantities of microbially reducible Fe(III),
most of the oxalate-extractable Fe(III)
available for microbial reduction.

in the sediments is not

Active Fe(III) reduction was

restricted to the surficial sediments even though oxalate-extractable
Fe(III) persisted to depths of at least 20 cm.

They concluded that the

preservation of Fe(III) within the sediments provides a mechanism for
the high capacity of anaerobic freshwater sediments in the Potomac River
Estuary to retain phosphate.
It was concluded by Thomann et al.

(1985) that although the

occurrence of the 1983 algal bloom in the Potomac Estuary resulted from
a combination of factors, the predominant forcing for enhancement and
maintenance of the bloom during the period from August to October was a
substantial internal source of phosphorus as explained by Derek and
Lovley1s findings.

They found that up to approximately the end of July

1983, a combination of adequate nutrients and favorable climatic and
hydrologic conditions led to the development of a bloom of Microcystis
aeruginosa instead of other algal species that might have developed
under more turbulent conditions.

Up to that time, the magnitude of the

bloom was to be expected for the nutrient, hydrologic, and climatic
conditions of the early summer of 1983.

For the period from August to

October, relative water column stability, brought about by continued
solar radiation and below average river flows and wind speed, favored
Microcystis, a surface dwelling organism, over non-buoyant algae.

The
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percent of insolation reaching the surface was above average by 17% in
July and 7% in August; mean wind speeds observed at National Airport in
Washington, D. C. were below normal for every month of the year making
1983 the "calmest" year on record at that station. The formation of
surface scums

allowed for continued access to carbon dioxide and light

under potentially limiting conditions.

During August to October, the

bloom was further enhanced by a substantial unexpected and unpredicted
internal phosphorus source; an enhanced aerobic sediment phosphorus
release brought about by high pH of the overlying water.
Paerl et al.

(1983) working in the Neuse River in eastern North

Carolina found that photosynthetic pigment alteration by Microcystis
aeruginosa in surface blooms
by this species.

was related to persistance and dominance

Increased cellular carotenoid content was accompanied

by increased surface photosynthesis as well as increased photosynthetic
efficiencies in surface populations.

They concluded from field

observations that higher photosynthetic efficiencies in Microcystis
populations during periods of cellular carotenoid enhancement were a
result of the increasing role that carotenoids played

in absorbing UV

radiation ("screening" or protective role) and in transferring abundant
supplies of short wavelength photosynthetically active radiation (as an
accessory pigment) to chlorophyll-a for CO^ fixation.
Fulton and Paerl (1987) again working in the Neuse River, conducted
experiments to test the effects of colonial morphology on zooplankton
utilization of algal resources during Microcystis blooms.

They proposed

that colonial morphology would strongly interfere with the feeding of
larger cladocerans and that larger cladocerans would more readily ingest
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toxic or nonnutritious colonial blue-green algae.

Their results

indicate however, that neither body size, taxonomic position, nor
association with blue-green algal blooms are good predictors of the
response of zooplankton to.colonial M . .aeruginosa.

They found that

herbivores associated with blue-green algal blooms exhibited two
distinctly different behaviors.

One group, exemplified by Diaphanosoma

brachyurum, consumed little M . .aeruginosa in the colonial morphology and
thereby consumed little of the toxic or inhibitory chemicals possessed
by M . _aeruginosa, while its clearance rates on co-occurring more
nutritious algae were relatively unaffected by the presence of colonial
M. aeruginosa.

The other group, represented by Brachionus calyciflorus,

consumed substantial amounts of colonial

aeruginosa.

They concluded

that this species must exhibit a greater ability to utilize M.
aeruginosa as a nutritional source or at least a greater tolerance to
the toxins to succeed during blooms of Microcystis.
In Gunston Cove, the problem of high pH in association with algal
blooms is not only a detriment to water quality, it may also pose a
public health hazard.
Recreational Facility.

Gunston Cove is on the site of the Pohick Bay
The facility has a public access boat ramp,

paddle boat and canoe rentals, and is used by many in the Washington, D.
C. metropolitan area.

The National Academy of Sciences-National Academy

of Engineering Committee on Water Quality Criteria (1972) recommend for
general recreational waters that recreational waters that contain
chemicals in such concentrations as to be toxic to man if small
quantities are ingested should not be used for recreation and that
recreational waters that contain chemicals in such concentrations as to
be irritating to the skin or mucous membranes of the human body upon
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brief immersion are undesirable.

In special requirements for bathing

and swimming waters regarding pH 9 the committee recommends that eye
irritation is minimized and recreational enjoyment enhanced by
maintaining the pH within the range of 6.5 and 8.3 except for those
waters with a low bufering capacity where a range of pH between 5.0 and
9.0 may be tolerated.

The lacrimal fluid of the human eye has a normal

pH of approximately 7.4 and a high buffering capacity due to the
presence of complex organic buffering agents.

These lacrimal fluid

organic buffering agents are able to maintain the pH within a narrow
range until their buffering capacity is exhausted.
fluid, through exhaustion of its buffering,

When the lacrimal

is unable to adjust the

immediate contact layer of another fluid to a pH of 7.4, eye irritation
results.

A deviation of no more than 0.1 unit from the normal pH of the

eye may result in discomfort, and appreciable deviation will cause
severe pain.

During the 1983 bloom, pH in Gunston Cove was between 8

and 10 from July to October.
The committee also recommended that surface waters would be
aesthetically pleasing if virtually free of floating debris, oil, scum,
and other matter; substances producing objectionable color, odor, taste,
or turbidity; and substances and conditions or combinations thereof in
concentrations which produce undesirable aquatic life.

Table 7 contains

a summary of some effects of pH > 6.5 on freshwater fish and other
aquatic organisms.
Chironomid larvae, which constitute the majority of aquatic
Diptera, are ubiquitous in freshwater sediments.

Seitzinger (1986)

found emergence of these insects enhanced phosphate release from Gunston
Cove sediments.

Baker and Cerco (1988) also described the occurrence of
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larva midges throughout Gunston Cove sediment columns.

In this study,

sediment was seived through 500 micron screens to remove macrofauna and
benthic organisms were not observed in any of the sediment cylinders.
At the end of the study, a reddish coating was observed in the
sediment portion of 16 cylinders (4 from each treatment).

This may

result from the fact that these cylinders were polycarbonate instead of
polypropylene.

To test for a potential cylinder effect on ortho

phosphate release rates, cylinder type was included as a third factor in
an analysis of variance and no significant difference was found.
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Table 7. A summary of some effects of pH on f r e s hwater fish and other
aquatic organisms, (from NAS-NAE, 1972)

pH .
_______________________ Known, affects
11.5 -

12.0

Some caddis flies
emergence reduced.

(T r i e h o p t e r a )

survive

but

11.0 -

11.5

Rapidly lethal to all species of fish.

10.5 -

11.0

R a p i d l y lethal to salmonids. The u p p e r limit is
l e t h a l to c a r p ( C y p r i n u s c a r p i o ) ,
goldfish
( C a r a s s i u s a u r a t u s ) , and pike.
Leth a l to some
stoneflies (Plecoptera) and d r a g onflies (Odonata) .
Caddis fly emergence reduced.

10.0 -

10.5

Withstood by s a l m o n i d s for short p e r i o d s but
e v e n t u a l l y lethal. Exceeds tolerance of bluegills
(Lepomis macrochirus) and p r o b a b l y goldfish. Some
typical stoneflies and mayflies (Ephemera) survive
with reduced emergence.

9.5 -

10.0

L e t h a l to salmonids over a long period of time and
no viable fishery for c o l d w a t e r species. Reduces
p o p u l a t i o n s of warmwater fish and may be harmful to
development stages. Causes reduced emergence of some
stoneflies.

9.0 -

9.5

Likely to be harmful to salmonids and perch (Perea)
if present for a considerable length of time and no
v i a b l e fishery for c o l d w a t e r s p e c i e s . R e d u c e d
p o p u l a t i o n s of w a r m w a t e r fish. Carp avoid these
levels.

8.5 -

9.0

A p p r o a c h e s t o l e r a n c e l i m i t of some salmonids,
whitefish (Coregonus) , c a t f i s h (Ic taluridae) , and
perch. A v o i d e d by goldfish. No apparent effects on
invertebrates.

8.0 -

8.5

Motility of carp sperm reduced. Partial mortality of
burbot (Lota lota) eggs.

7.0 -

8.0

Full fish production. No k n o w n harmful effects on
adult or immature fish, but 7.0 is n ear low limit
for Gammarus reproduction and perhaps for some other
crustaceans.

Conclusions and Recommendations

The conclusions of this study are:
1) Of the two factors examined, pH is the primary determinant of
phosphate release rate from Gunston Cove sediments.
2) Under oxic water column conditions,

there

is no m e a s u r a b l e

effect of NOg on phosphate release rate.
3) Under oxic water column conditions,

there is no m e a s u r a b l e

interaction effect of pH and NO^ on phosphate release rate to a well.
The effect of high pH on animal
documented.

and

human

health

is w e l l

W i t h the recent att e n t i o n given to the effects of acid

p r e c i p i t a t i o n in f reshwater reaches

of

the

Chesapeake

Bay,

more

att e n t i o n should be paid to extreme high as well as low pH conditions.
I m p l e m e n t a t i o n and e n f o r c e m e n t

of

a high

and

low

a pH

standard

c o m p atible w i t h the b u f f e r i n g ca p a c i t y of the system in question is
suggested as one method of solution.
freshwater porti o n s of the bay,

When high pH c o n d itions

occur in

acidity of the effluent from sewage

treatment plants to the receiving w a t e r could be adjusted

to assuage

such conditions.
Based on the results of this study, factorial analysis

applied

to experimental designs is a powerful method for statistical examination
of effects.
els e w h e r e

This study design may be extended

to sediments c o l l ected

in the C h e s apeake Bay to d e t e rmine what

important to nutrient flux in various salinity regimes.

factors are most
Further,

areas of interest may be investigated using these methods.

other

For example,

sediments collected in the lower tributaries and m ain stem of the b ay
49
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may be subjected to s i m u lations w h i c h compare the effects of organic
input rate on the occurrence of anoxia.
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APPENDIX A

Raw Ortho-phosphate Data
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pH 7.99
N03 0 mg/1
15 hrs

Sample ID
1-1

1-2
1-3
1-4
1-5

1-6
1-7

1-8
1-9
1-10

0.093
0.098
0.063
0.063
0.062
0.090
0.073
0.089
*****
*****

1-C
Initial (Carboy)

0.077
0.078
0.030
0.003

1-A1
1-A2
1-A3
1-A4
1-A5
1-A6
1-A7
1-A8
1-A9
1-A10
1-All
1-A12
1-AC
Initial (Carboy)

0.054
0.078
0.092
0.144
0.058
0.060
0.053
0.074
0.082
0.059
0.074
0.058
0.035
0.003

2-1
2-2
2-3
2-4
2-5
2-6
2-7
2-8
2-9
2-10
2-11
2-12
2-C
Initial (Carboy)

0.097
0.073
0.088
0.067
0.051
0.075
0.067
0.074
0.079
0.062
0.080
0.067
0.020
0.000

1-11
1-12

27 hrs

OP Value (mg/1)

pH 8.04
N03 1.5 mg/1
15 hrs

27 hrs

2-A1
2-A2

0.049
0.087
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2-A3
2-A4
2-A5
2-A6
2-A7
2-A8
2-A9
2-A10
2-All
2-A12
2-AC
Ltial (Carboy)

0.075
0.059
0.069
0.074
0.060
0.056
0.058
0.070
0.068
*****
0.034
0.000

15 hrs

3-1
3-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9
3-10
3-11
3-12
3-C
Ltial (Carboy)

0.576
0.254
0.363
0.362
0.393
0.282
0.291
0.523
0.504
0.398
0.346
0.242
0.025
0.002

27 hrs

3-A1
3-A2
3-A3
3-A4
3-A5
3-A6
3-A7
3-A8
3-A9
3-A10
3-All
3-A12
3-AC
.tial (Carboy)

0.461
0.684
0.306
0.578
0.389
0.586
0.777
0.559
0.464
0.519
0.552
0.429
0.038
0.002

4-1
4-2
4-3
4-4
4-5
4-6

0.519
0.392
0.321
0.263
0.228
0.321

pH 9.75
N03 0 mg/1

pH 9.69
NO. 1.5 mg/1

15 hrs
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27 hrs

***** Missing data

4-7
4-8
4-9
4-10
4-11
4-12
4-C
Initial (Carboy)

0.295
0.315
0.307
0.371
0.364
0.313
0.019
0.000

4-A1
4-A2
4-A3
4—A4
4-A5
4-A6
4-A7
4-A8
4-A9
4-A10
4-All
4-A12
4-AC
Initial (Carboy)

0.605
0.487
0.457
*****
0.514
0.456
0.519
0.399
0.446
0.513
0.571
*****
0.033
0.000
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